Oil and gas pipelines are commonly made of steel pipes manufactured through the UOE process. This process starts with a flat steel plate, bends it into a U shape, then bends it further to form an O shape, welds the seam, and then radially expands (E) the pipe. The process induces significant residual stresses in the pipe wall. Such stresses have conventionally been ignored in past finite element analyses aimed at quantifying buckling strain thresholds. The present study develops a numerical technique to investigate the effect of the residual stresses induced in the UOE process on the local buckling strains of pipes. Two types of nonlinear 3D FEA models are developed to quantify the buckling strains of pipes under imposed bending deformation. The first model starts with a flat plate, models the UOE process to capture the residual stresses, and then subjects the pipes to imposed bending deformation, the second model assumes the pipe is free from residual stresses. Comparisons are then performed between the buckling strains predicted by both models.
INTRODUCTION AND OBJECTIVE
The UOE forming process is a common technique to manufacture steel pipes used in oil and gas pipelines. The process starts with a flat plate and forms it into a pipe shape by first forming it into a "U" shape ( Fig. 1 A) by lowering a U-ing die, then into a nearly circular "O" shape, welding the seam of the "O" shaped pipe ( Fig. 1 B) , and then welding the circular shape plate. The resulting pipe is then radially expand "E" by a mechanical expander (Fig. 1 C) well into the plastic range of deformation, and the expander is then released to remove the radial pressure. The pipe thus formed is then shipped to the field. When such a pipe is used as part of a buried pipeline, it is subjected to hoop stresses of up to 80% of the yield strength (CAN/CSA Z662-15) under the action of the fluid it conveys. Also, when differential settlement or frost heave occur in surrounding soils, as a result of temperature changes in regions of discontinuous permafrost, the pipe experiences additional bending deformation and axial forces (Fig. 2) . To control buckling strains in buried pipelines under such differential settlements, design standards impose threshold limits on the buckling strains. These threshold buckling strains have been determined either from full-scale experimental studies (e.g., Bouwkamp et al. 1973 , Yoosef-Ghodsi et al. 1994 , Myrholm et al. 2001 , Dorey et al. 2002 and/or nonlinear finite element analysis (e.g., Mohareb et al. 1994 , DelCol et al. 1998 , Dorey et al. 2001 , Suzuki et al. 2003 , Zimmerman et al. 2004 , Chou et al. 2006 , Chen et al. 2008 , Ozkan 2008 , Cho et al. 2009 , Fathi et al. 2010 , Yoosef-Ghodsi et al. 2014 . Threshold buckling strains depend on a number of parameters such as the diameter to thickness ratio, the hoop to yield stress ratio, and the axial stress to yield ratio among other factors. When determining the buckling strains through finite element analysis, the residual stresses induced by the UOE process are typically omitted. Only a few studies have investigated the effect of the forming process on the mechanical properties of the pipe. Adeeb et al. (2006) recognized the presence of residual stresses due to UOE forming and attributed the apparent anisotropic plastic behaviour of pipe steel to their presence. The main objective of the present is study is to characterize the effect of residual stresses induced throughout the forming process on the buckling strains. Towards this goal, the study develops a detailed finite element model that captures the effect of residual stresses and a simplified model that omits such effects and compares the buckling strains for pipes predicted by both models. 
FINITE ELEMENT MODEL

Geometry
The analysis is carried out on three pipe segments. The size of the specimens is representative of common pipes. A / Dt ratio of 45 to 120 is most common for onshore pipelines. Thus, the present study models a pipe with a 610 mm outer diameter and 9.53 mm thickness with a / Dt ratio of 64.
Pipe specimen lengths are taken as 4000 mm. The chosen lengths are large enough to force local buckles away from any end effects, in a manner consistent with previous studies.
Material Properties
The pipe steel is assumed to be X52, and the relevant true stress-strain relations are taken from Mohareb (1995) Jiang and Kurath (1996) proposed a method for the determining the initial values of the Chaboche parameters k C and k  . The first step is to subdivide the stress-plastic strain curve into M=K+1 segments. Next, the Chaboche Starting with the initial values of k C and k  , we iteratively adjust both parameters with the analytically calculated backstress-plastic strain curve closely matches that based on experiments. The process has been conducted by using the curve fitting toolbox in MATLAB software and the resulting final k C and k  are provided in Table 3 . -P00X is the un-pressurized specimen.
-P40X is specimen with an internal pressure corresponding to a hoop stress 40% of the yield strength, and -P80X is specimen with an internal pressure corresponding to a hoop stress 80% of the yield strength.
The symbol X either takes the value X = S to denote the simplified model or X=D to denote the detailed model.
Element Type and Mesh Size
The 3D brick element C3D20R in the Abaqus library was used to model the pipe. The element has 20 nodes with three translational degrees of freedom (DOFs) per node. The element adopts quadratic interpolation, uses reduced integration and does not exhibit shear nor volumetric locking under bending. The quadratic interpolation makes the element particularly suited for modeling the curved geometry of the pipe while reducing the number of DOFs required when compared to other linearly interpolated elements. A mesh sensitivity analysis with three mesh sizes ( (Fig. 4) . 
COMPARISON OF STRESS STRAIN AFTER FORMING
The experimentally obtained stress-strain curve reported in Mohareb (1994) was adopted in our simplified model. The stress-strain relation for a pipe after undergoing the UOE forming process is expected to differ from that of the flat steel plate before the forming process (e.g., Fathi et al. 2010) . Also, it is experimentally established that the apparent transverse stress-strain differs from the longitudinal stress-strain curve. One of the objectives of the present is study is to computationally characterize such differences. Towards this goal, numerical simulations for the longitudinal and hoop tension tests were conducted on the bent plate. The simulation models the U-and O-pressing, mechanical expansion (E), and removal of radial expansion (Fig. 5 ). The resulting model is then subjected to axial elongation to extract the apparent longitudinal stress-strain relation. Also, after the forming process, another analysis is conducted where the pipe is expanded radially and the apparent transverse stress strain relation is generated (also including residual stress effects).
In the modelling of the longitudinal tension test, the pipe is incrementally subjected to an axial displacement until the pipe segment elongates by 15% of its initial length (Fig. 5  A) . In the modeling of the hoop tension test, the formed plate is incrementally subjected to radial displacements until the pipe is expanded radially to 15% of the inner radius after the forming process (Fig. 5 B) .
The predicted (apparent) true longitudinal and transverse stress-strain relations obtained from the models are compared in Fig. 6 . Overlaid on the figure is the experimental stress-strain curve used as input for the flat plate. As reported in past studies (e.g., Fathi et al. 2010) , the hoop stress-strain curve exhibits a higher apparent yield point than the longitudinal stress-strain relation and a milder apparent strain hardening. The fact that the model qualitatively captures the difference between the apparent longitudinal and transverse stress-strain relations suggests that it successfully captures the residual stresses induced in the UOE forming process. 
MODELING ASPECTS FOR THE SIMPLIFIED MODEL General
Past computational studies have generally assumed isotropic behaviour for pipe steel and adopted stress-strain relations from tests of longitudinal tensile coupons. The simplified model (S) thus starts with a pipe with assumed isotropic steel. In a manner consistent with previous studies, the simplified model does not model the forming process of the pipe. The pipe steel is assumed to behave according to the apparent longitudinal stress-strain curve as obtained from the previous section.
Loading Path
The pipe is then subjected to field loading conditions by first pressurizing it, and then imposing bending deformations. The loading paths for the pressurized specimens P40S and P80S are shown in Fig. 7 . Position 1 is the initial pipe configuration under no loading, Position 2 is the pressurized pipe after the application of the internal pressure, after which the pressure is kept constant and Position 3 is the deformed configuration of the pipe after the application of end moments. For specimen P00S, the pressurizing stage is not applicable. 
End effects
In order to avoid localized deformations near the pipe ends (Fig. 8) , two elastic end collars, each of length 0.9OD, were introduced to the ends of the model (Fig. 9) . As a first attempt, all three specimens P00S, P40S, P80S were modeled by assuming the pipe to have a constant thickness throughout its length. In these models, local buckling was observed to occur near the end of the specimen (Fig. 10 ).
Since such effects are non-representative of pipe buckling in the field, a second modeling attempt was made to suppress buckling at the ends by tapering the end segments (Fig. 9) . A tapered length of 1.77OD and an end thickness of 110% of the nominal pipe thickness was added to the ends of the specimen. The thickness linearly decreased to 100% of the specified thickness at the end of the tapered segments. The tapered ends were successful in forcing the model to exhibit local buckling (Fig. 11 ) in the middle of the specimens. This is consistent with conditions in the field where no end effects are present. The corresponding tapered models are denoted P00S-T10, P40S-T10, and P80S-T10 where the additional designation T10 indicates tapered ends with an addition 10% increase in thickness. 
Material properties
As discussed before, the pipe was assigned to properties of X52 whereas the collar areas were assumed elastic.
MODELING ASPECTS FOR THE DETAILED MODEL General
In contrast to the simplified model, the detailed model is intended to predict the effect of forming process on the buckling strain by simulating the UOE forming process. The model starts with a flat rectangular plate ( Fig. 12 ) with dimensions chosen so that its bent configuration after forming attains the desired pipe geometry. The plate dimensions taken are 1857.3 x 4000 mm with a 9.53 thickness.
Fig. 12 Sectional elevation view of rectangular plate
Two tapered-end regions were modelled for the specimens, similar to the simplified model, to force localized buckling away from the ends. The material properties of the X52 material were assigned to the whole plate. As discussed, the detailed model (D) starts with a flat plate, bends it to form first a U shaped plate then an O shaped plate, joins the seams of the O, expands the pipe radially, and then releases the radial expansion. The pipe thus formed is then subjected to internal pressure and then to bending deformations to replicate the expected loading conditions in the field (Fig. 14) .
Fig. 13 Sectional elevation view of FEA plate model Loading Path
Fig. 14 illustrates the loading path for all specimens where Position 1 corresponds to the initial configuration of the rectangular plate (before UOE forming). Position 2 represents the pipe shape after the U-and O-ing. At the end of the forming process, the displacements of the nodes at the right and left edges of the plate were kept constant to avoid separation between these nodes (to emulate the action of the seam weld). Position 3 denotes the end of the radial expansion stage during manufacturing and Position 4 denotes the pipe configuration after removal of the radial expansion. Position 5 denotes the pressurized configuration after the operating pressure expected the field is applied to the model. This pressure is kept constant throughout the application of end rotations (Position 6).
Designation
The corresponding specimens are denoted P00D-T03, P40D-T10, and P80D-T03 where the additional designation T10 and T03 indicate tend tapered regions with an additional 10% and 3% increase in thickness, respectively. (Fig. 15) . A gage length of 2OD is taken for all simplified models and 2OD or 3OD are taken for the detailed models (Table 6 ). Table 6 Gage lengths for simplified and detailed models
Model Designation Gage length P00S-T10  2OD  P40S-T10  2OD  P80S-T10  2OD  P00D-T03  3OD  P40D-T10  2OD  P80D-T03  3OD (A) (B) 
For the pipe investigated in the present study, the average radius is 300. Table. 7. The modified plastic capacities listed in Table. 7 would be asymptotically approached from below if strain hardening effects are negligible and local buckling does not take place. 
Limiting Elastic Response
Assuming elastic response, the moment M is related to the curvature by are outer and inner radii of the pipe. In the initial range of the deformation, the pipe response is expected to be elastic and the slope of the moment-curvature of the pipe is expected to coincide with that predicted by Eq. (8).
Nonlinear Moment-Curvature Relationships
The moment-curvature relationships for the simplified model are shown in Fig. 16 . As expected, the initial slope of the moment curvature matches that based on the elastic response. As the curvature increases, gradual plastification takes place and the pipe exhibits a softening behaviour. This is manifested by the departure of the moment curvature slope from that of elastic analysis. For large deformations, all specimens are observed to approach the modified plastic moment depicted by the horizontal lines. When the deformation increases, local buckling takes place in the pipe wall and the moments reduce. This is exhibited by the descending branch of moment curvature. The observed moment curvature is consistent with characteristic experimental and computational results in past studies (e.g., Ozkan 2008) .
Similar calculations are performed based on gage lengths of 2OD and 3OD for the detailed model (Fig. 17) . The pre-peak behaviour is similar to that of the simplified model while the post-peak behaviour exhibits a shorter plateau and with steeper decline in moments. Table 8 shows that the simplified model overestimates the peak moment compared to the detailed model for the unpressurized pipe while for the peak moments based on both models are in close agreement for the pressurized pipes. 
Deformed Configurations
The von-Mises stress contour plots predicted by both models are provided at peak moments ( Fig. 18 ) and at 95% of the peak moments on the descending branch (Fig. 19) . The buckle in the un-pressurized simplified model is symmetrically located with respect to mid-span, while in 40% and 80% pressurized models buckling is offset from the centre (Fig. 20) .
Buckling Strains
The peak moments and moments at 95% of the peak on the descending branch are depicted on the moment-strain curves predicted by the simplified and detailed models (Fig. 21) . In all cases, the corresponding buckling strains are smaller in the case of the detailed model. A comparison between the calculated buckling strains predicted by CAN/CSA Z662 and FEM is provided in Table. 9. In a manner consistent with past studies, buckling strain predictions based on the simplified FEA (no residual stresses) tend to overestimate the buckling strains compared to standard predictions that are largely based on experimental observations. Buckling strains predicted by the detailed models are smaller than those based on the simplified models, but still larger than standard predictions. The study shows that the residual stresses induced in the forming process have a detrimental effect on the buckling strains. 
SUMMARY AND CONCLUSIONS
A 3D FEA was developed to model the UOE forming process and predict buckling strains. The model is based on an elasto-plastic constitutive model with hardening based on Chaboche kinematic hardening. The main findings of our studies are:
(1) The apparent true stress-strain relations for the curved pipe are found to differ from those for the flat steel plate used to form the pipe.
(2) For the curved pipe, the FEA-predicted apparent hoop stress-strain relation is found to have a higher apparent yield point and a milder strain hardening than that based on the FEA-predicted apparent longitudinal stress-strain relationship. The observation is consistent with past experimental results on tensile test coupons.
(3) Buckling strains predicted by the detailed model that capture the effects of UOE forming are found to be significantly smaller than those based on the simplified model that omits the effects of UOE forming. The finding is consistent with the fact that critical strains measured in past experimental results have been consistently lower than those predicted by FEA models that do not include the UOE forming process. The critical strains predicted by the detailed FEA model are thus closer to those predicted by the provisions at the design standard CAN CSA Z662.
(4) The detailed modelling approach developed in the present study is believed to provide more accurate predictions of buckling strains in pipes than other modelling techniques that omit residual stresses induced by the UOE forming process. It is recommended to apply the proposed technique to pipe geometries that have been tested to further assess the accuracy of the predictions of buckling strains in pipes based on technique developed.
(5) The detailed modelling approach developed in the present study offers a promising numerical low-cost approach to extend the existing database of experimentally measured critical strains. It is recommended to adopt the new technique to predict critical strains for other pipe configurations, steel grades, loading conditions.
